Abstract: During the restoration of eutrophic shallow lakes, submerged macrophyte recovery is often accompanied by an excessive proliferation of filamentous green algae (FGA). This can lead to the recession or even disappearance of the submerged macrophytes in these lakes. However, the use of plant fragments in reproduction and dispersion is an important life history strategy for submerged macrophytes. In this work, it studied apical fragment propagation in Myriophyllum spicatum and its physiological and biochemical responses to the decomposing liquid of Cladophora oligoclona. Myriophyllum spicatum apical fragments showed no new roots or buds when treated with 0.4 times the original decomposing liquid, and their PSII functional parameters were lower than those of the control. In contrast, the relevant sugar content accumulated to 115.26%, and the activities of an energy enzyme (Ca 2+ /Mg 2+ -ATPase) and a secondary metabolic-related enzyme (PAL) increased by 490.63% and 28.13%, showing an elevated defense response. These results indicated that the early regeneration of M. spicatum could be hindered by environmental stress, and that this may further affect the reproduction and colonization of these submerged macrophytes.
Introduction
Lake eutrophication is a serious and pervasive environmental problem that threatens the health and stability of aquatic ecosystems [1, 2] . Lake eutrophication leads to the decline of submerged macrophytes, and succession from a macrophyte-dominated to an algae-dominated ecosystem [3] . The restoration of submerged macrophytes is an important method of artificially regulating the transformation of algae-dominated lakes into macrophyte-dominated lakes through external controls [4, 5] . The growth and reproductive abilities of submerged macrophytes are highly significant in the reconstruction and restoration of these species. Submerged macrophytes prioritize asexual reproduction using fragments, stolons, and rhizomes. Moreover, the use of fragments for reproduction and dispersion is an important life history strategy for submerged macrophytes when responding to environmental disturbances [6, 7] . The fragments can produce new plants for colonization and regeneration which affect population establishment and renewal [8] . Therefore, it is important to study the growth and regeneration strategies of these fragments under different conditions.
During the early stages of submerged macrophyte recovery in eutrophic lake restoration, when the lake system has not yet reached a stable state, a phenomenon often occurs in which a large amount of the concentration of the decomposing liquid because higher concentrations of the decomposing liquid would lead to changes in water quality, and induce various physiological and biochemical responses in the apical fragments, inhibiting their regeneration abilities. The aims of this research are to assess: (1) the effects of decomposing liquid on the roots and buds of M. spicatum apical fragments; (2) the responses of the apical fragment's photosynthetic systems to decomposing liquid; (3) the responses of the energy content and secondary metabolism of the apical fragments to decomposing liquid; (4) the impacts of decomposing liquid on the living environment of the apical fragments, including changes of pH, dissolved oxygen (DO), and conductivity (Cond), and their relationship to the physiological and biochemical characteristics of the apical fragments.
Materials and Methods

Material Collection and Experimental Design
For the purpose of clarifying the response of different propagules to the decaying FGA, C. oligoclona and M. spicatum were collected from East Lake, Wuhan, China (30 • 55 N, 114 • 36 E) (mesotrophic lake, pH: 6~9, COD ≤ 20 mg·L −1 , DO ≥ 5 mg·L −1 ) in February and April 2017, respectively. The collected C. oligoclona was used for the production of decomposing liquid. The preparation method of the decomposing liquid of C. oligoclona, and the treatments concentrations used in this study were based on a previous study [18] . All C. oligoclona was decomposed in a constant 25 • C environment and protected from light. Healthy M. spicatum plants with intact leaves were selected and any impurities were washed off with pure water. Next, 10 cm length apical fragments were cut for use.
The four treatment concentrations were: control group (CG, without decomposing liquid), Treatment No. 1 (T1, 0.1 times the concentration of the original decomposing liquid), Treatment No. 2 (T2, 0.2 times the concentration of the original decomposing liquid), and Treatment No. 3 (T3, 0.4 times the concentration of the original decomposing liquid). These concentrations reflect the average biomass of Cladophora in a eutrophic lake in spring [38] . Considering the better implementation of laboratory experiments, it took 0.1 of the average biomass as the material for the original decomposing liquid (50 g·L −1 ), and then selected a few concentrations within the range of the original decomposing liquid which represent different degrees of decomposition by C. oligoclona at this density, allowing us to analyze the effects of decomposing liquid on submerged macrophytes more comprehensively. Six apical fragments without adventitious roots or buds were cultivated in each flask. All treatments were performed in triplicate. The experiment was carried out at an ambient temperature of 25 ± 1 • C and an irradiance of 2000 lx under a 12:12 h light-dark cycle.
Physiological and Biochemical Analyses of Apical Fragment
The morphological traits of the adventitious roots and buds were measured on day 5, and buds longer than 3 mm were recorded as occurrences. On days 1, 3, and 5, various indicators were measured including the chlorophyll a content, soluble sugar, Ca 2+ /Mg 2+ -ATPase, and PAL activity of the apical fragments and the water quality. The water quality parameters-including pH, Cond, and DO-were measured with an online analyzer (Thermo Orion star A329, USA).
Under conditions of 25 ± 1 • C and 10 min dark adaptation, a Handy PEA (Hansatech, England) was used to measure chlorophyll a fluorescence in the top 2-3 cm of the apical fragments. For each treatment, three apical fragments were selected randomly for the parallel measurement of chlorophyll a fluorescence and the readings were taken three times. The Handy PEA instrument automatically recorded high-resolution interstitial fluorescence signals from 10 µs to 2 s and automatically derived the relevant fluorescence parameters. In order to better observe the J-step and the I-step in the plot of the OJIP fluorescence induction curve, the abscissa representing the time is generally changed to a logarithmic coordinate before the OJIP induced curve is obtained. Based on the method proposed by Schansker et al. [39] , the OJIP fluorescence induction curve was analyzed using a JIP test. The JIP test parameters quantifying PSII behavior were obtained and calculated as shown in Table 1 [40] . Table 1 . Formulas and terms used in the JIP-test.
Parameter
Implication
The maximal fluorescence intensity at P step. F I The fluorescence intensity at 30 ms (I-step). F J
The fluorescence intensity at 2 ms (J-step). F 0
The fluorescence intensity at 50 µs (O-step). V J Relative variable fluorescence intensity at the J-step. M o Approximated initial slope of the fluorescence transient.
Maximum quantum yield for primary photochemistry.
Quantum yield for electron transport.
Probability that a trapped exciton moves an electron into the electron transport chain beyond Q A − .
Performance index on absorption basis.
The ethanol extraction method was adopted to determine the content of chlorophyll a in the fresh leaves of the apical fragments [41] . Anthrone reagent was used to determine the soluble sugar content, according to Yemm and Willis [42] . A kit (Suzhou Keming Bioengineer Company, China) was used to determine the activity of Ca 2+ /Mg 2+ -ATPase, and the activity of PAL was measured according to Sykłowska-Baranek et al. [43] and Zhang et al. [18] . The activities of the two enzymes were determined according to the content of the proteins [44] .
Data Analysis
Statistical analyses were performed in SPSS 23.0 using one-way analysis of variance (ANOVA). All data are presented as the mean value and standard deviation (mean ± SD), and the sample number (n) was three. The Bonferroni post hoc test was applied for pairwise comparisons, and the Tukey's honest significant difference test was used to test for differences between means. Differences were considered statistically significant at P < 0.05.
The correlations between the physiological and biochemical characteristics of M. spicatum apical fragments and water quality parameters were analyzed using CANOCO 4.5. First, detrended correspondence analysis was performed. The obtained sorting axis gradient length (LGA) was used to reflect the degree of change in the physiological and biochemical characteristics of the apical fragments. In theory, an LGA < 3 is suitable for linear models, an LGA > 4 is suitable for nonlinear models, and an LGA between 3 and 4 indicates that both models are suitable [45] . The analysis in this study showed that the maximum LGA of the four sorting axes was 0.600 (less than 3), indicating that the physiological and biochemical characteristics of the apical fragments have a good linear response to the water quality parameters. Therefore, it is appropriate to use a linear model for redundancy analysis (RDA). RDA is an extension of multiple linear regression, a type of multivariate direct gradient analysis [46] . It can be used to analyze the linear relationship between two sets of variables and reflect, on the same axis, the relationship between the physiological and biochemical characteristics of M. spicatum and the water quality parameters. Meanwhile, the Monte Carlo permutation test was used to quantitatively and independently evaluate the influence of the water quality parameters on the changes of physiological and biochemical characteristics of the apical fragment. 
Results
Effects of the Decomposing Liquid on Apical Fragments Adventitious Roots and Buds
The mean adventitious root length and number, and bud number, of M. spicatum apical fragments under the different treatments all showed significant differences (P < 0.001, P < 0.001, P < 0.001, ANOVA, Figure 1 ). The average adventitious root length in CG was the longest. The trend in the adventitious root length among the treatments was the same as that of the root number, and no adventitious roots were generated in the T3 treatment group during the experimental period. Compared to CG, bud production was significantly inhibited in the two higher concentration groups (T2, T3) (P < 0.05, P < 0.05, Bonferroni), and the bud number in T1 was also lower than that in CG. At the late stage of the experiment, no roots appeared in T3, the leaves of the apical fragments were black, some lower leaves fell off, black attachments on the apical fragments indicated that rooting and bud germination was affected, and some tissues began to decompose. 
Changes of Chlorophyll a Content and Chlorophyll Fluorescence Characteristics
The OJIP fluorescence induction curve in Figure 2 displayed an obvious trend of different 
The OJIP fluorescence induction curve in Figure 2 displayed an obvious trend of different treatment groups from day 1 to day 5. Especially from the J phase, the OJIP curve of M. spicatum apical fragment leaves in T1, T2, and T3 showed a descending trend compared to CG in the whole experimental phase, and the difference between T3 and CG was significant on day 5 (P < 0.05, Bonferroni) ( Figure 2A ). As the concentration of the decomposing liquid increased, the fluorescence values of I and P phases (maximal recorded fluorescence intensity) decreased, by 22.91 and 36.31%, 45.81 and 26.25%, and 40.42 and 50.00% by the end of experiment in T1, T2, and T3, respectively. The decreases in the I-P phases indicate that the presence of the decomposing liquid affects the photosynthetic mechanism. FV/FM and PIABS in CG both increased as the experiment went on. However, FV/FM showed a decreasing trend in T2 and T3, and their FV/FM ratios were 4.94% and 7.41% lower than that in CG on day 5. The differences between T1 (T2, T3) and CG were significant (P < 0.01, P < 0.001, P < 0.001, Bonferroni). The PIABS of CG and T1 showed a continuous increasing trend, while that of T2 and T3 showed a more varied trend, first increasing on day 3 and then decreasing on day 5. The decrease was associated with the concentration of the decomposing liquid; the higher the concentration, the lower the value. Compared with CG, the decreases in T2 and T3 were significant and had decreased by 43.76% and 47.45% after 5 days (P < 0.01, P < 0.001, Bonferroni) ( Table 2 ). As can be seen from Table 2 , the ABS/RC and TRo/RC in CG and T1 rose initially before falling, while in T2 and T3 they rose continuously over time. Similar changes were also reflected in φEo and ψo. However, these continued to descend until the end of the experiment in T2 and T3. After 5 days, ETo/RC (which related to the reoxidation of reduced QA via electron transport in an active RC) and DIo/RC in T1, T2 and T3 increased 4.67, 4.00 and13.56, 1.67, 2.33, and 27.67 times than that in CG, respectively. In contrast, RC/CS (The density of RCS) decreased by 28.94%, 90.48%, and 94.89%, respectively. F V /F M and PI ABS in CG both increased as the experiment went on. However, F V /F M showed a decreasing trend in T2 and T3, and their F V /F M ratios were 4.94% and 7.41% lower than that in CG on day 5. The differences between T1 (T2, T3) and CG were significant (P < 0.01, P < 0.001, P < 0.001, Bonferroni). The PI ABS of CG and T1 showed a continuous increasing trend, while that of T2 and T3 showed a more varied trend, first increasing on day 3 and then decreasing on day 5. The decrease was associated with the concentration of the decomposing liquid; the higher the concentration, the lower the value. Compared with CG, the decreases in T2 and T3 were significant and had decreased by 43.76% and 47.45% after 5 days (P < 0.01, P < 0.001, Bonferroni) ( Table 2 ). As can be seen from Table 2 , the ABS/RC and TR o /RC in CG and T1 rose initially before falling, while in T2 and T3 they rose continuously over time. Similar changes were also reflected in ϕ Eo and ψ o . However, these continued to descend until the end of the experiment in T2 and T3. After 5 days, ET o /RC (which related to the reoxidation of reduced Q A via electron transport in an active RC) and DI o /RC in T1, T2 and T3 increased 4.67, 4.00 and13.56, 1.67, 2.33, and 27.67 times than that in CG, respectively. In contrast, RC/CS (The density of RC S ) decreased by 28.94%, 90.48%, and 94.89%, respectively. Different letters at the same day column for the parameters from different treatment group represent significant difference at the 0.05 significance level (Tukey HSD), mean values ±SD, n = 3.
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Analysis of the changes in the chlorophyll a content revealed that the photosynthetic systems of the leaf cells of M. spicatum apical fragments were inhibited after the first day. On day 3, significant changes started to occur between T3 and CG (P < 0.01, Bonferroni). Compared to that in CG, the chlorophyll a decline in T3 was the largest, followed by that in T2 and then T1. However, on day 5, the contents of chlorophyll a was shown to increase in all the different treatment groups, but the chlorophyll a contents in T1, T2, and T3 were still low compared to that in CG, 4.37%, 5.68%, and 21.43% lower, respectively ( Figure 3) .
Analysis of the changes in the chlorophyll a content revealed that the photosynthetic systems of the leaf cells of M. spicatum apical fragments were inhibited after the first day. On day 3, significant changes started to occur between T3 and CG (P < 0.01, Bonferroni). Compared to that in CG, the chlorophyll a decline in T3 was the largest, followed by that in T2 and then T1. However, on day 5, the contents of chlorophyll a was shown to increase in all the different treatment groups, but the chlorophyll a contents in T1, T2, and T3 were still low compared to that in CG, 4.37%, 5.68%, and 21.43% lower, respectively (Figure 3) . 
Change of the Soluble Sugars Content
The soluble sugar contents in the treatment groups showed significant differences on the first day. With increasing treatment concentration, the soluble sugar content of the leaves of the M. spicatum apical fragments improved, and the soluble sugar content was the highest in T3. Thereafter, the soluble sugar contents gradually dropped during the experiment in T1 and T2. However, it continuously increased in T3, increasing by 115.26% relative to the control, and reaching its highest value on day 5 (P < 0.05, Bonferroni) (Figure 4) . 
Changes in Activities of Ca 2+ /Mg 2+ -ATPase and PAL
The Ca 2+ /Mg 2+ -ATPase activity in CG did not show significant changes during the experimental period whereas in T3 it was higher than it was in the other treatment groups from the first day. On day 3, these differences gradually increased with increasing concentration, especially between T2 (T3) and CG (P < 0.001, P < 0.001, Bonferroni). The activities in the treatment groups were significantly increased by 306.25% (T1), 428.13% (T2), and 490.63% (T3) relative to those of CG on day 5 (P < 0.001, P < 0.001, P < 0.001, Bonferroni) ( Figure 5A ). 
The Ca 2+ /Mg 2+ -ATPase activity in CG did not show significant changes during the experimental period whereas in T3 it was higher than it was in the other treatment groups from the first day. On day 3, these differences gradually increased with increasing concentration, especially between T2 (T3) and CG (P < 0.001, P < 0.001, Bonferroni). The activities in the treatment groups were significantly increased by 306.25% (T1), 428.13% (T2), and 490.63% (T3) relative to those of CG on day 5 (P < 0.001, P < 0.001, P < 0.001, Bonferroni) ( Figure 5A ). From Figure 5B , it can see that the PAL activities in CG and T1 showed no significant changes during the experimental period. The differences between the treatment group and CG on the first and fifth days were also not obvious. Nevertheless, the PAL activities in the higher concentration treatments (T2 and T3) were activated from day 1 and then slightly inhibited from day 3. The differences between T2 (T3) and CG were significant (P < 0.05, P < 0.01, Bonferroni). Compared with CG, the PAL activity in T1, T2, and T3 on day 5 increased by 4.65%, 9.91%, and 28.13%, respectively.
Change of Water Quality Parameters in the Culture Solution
The changes in the DO in each treatment group (shown in Table 3) indicated that, as the experiment progressed, each treatment group showed a certain amount of recovery in terms of dissolved oxygen, compared with CG (P < 0.001, P < 0.001, P < 0.01, ANOVA). DO in T1 gradually increased during the experiment, and the dissolved oxygen level was similar to CG on day 5. The increase in dissolved oxygen in T2 was not as effective as that in T1, and the DO value on day 5 was still lower than those in CG and T1. The DO in the highest concentration decomposing solution (T3) rose until day 3 and then began to decline. It was also low by the end of the experiment. The difference between T2 (T3) and CG was most significant on day 1 (P < 0.001, P < 0.001, Bonferroni) followed by the differences between T3 and CG on day 3 and day 5 (P < 0.001, P < 0.001, Bonferroni). For the Cond, after the addition of the decomposing solution in each treatment group, the intensity of the Cond changed with the concentration of the decomposing liquid, and T3 was the highest. Although there was a tendency in T3 for Cond to decrease with time during the experiment, it still maintained a high Cond after 5 days. There was no significant change in Cond in either CG or T1, while the Cond in T2 increased slightly on day 5. Significant differences occurred between the treatment groups and CG during the experiment (P < 0.001, P < 0.001, P < 0.001, Bonferroni). Similar to DO, the pH of each treatment group changed over time, and the differences with time in T1 and T3 were significant (P < 0.05, P < 0.05, ANOVA). However, on day 5, the pH of each treatment group was still lower than that of CG; 3.90%, 7.79%, and 8.15% lower than the CG, respectively. Different letters in the same day column for the parameters from different treatment group represent significant difference at the 0.05 significance level (Tukey HSD), mean values ±SD, n = 3.
Result of RDA Sorting
RDA was carried out on the physiological and biochemical characteristics of the M. spicatum apical fragments and three water quality parameters. First, the three water quality parameters were used to explain the physiological and biochemical characteristics of the apical fragments (Table 4) . The physiological and biochemical characteristics of the apical fragment could explain 82.90% and 11.40% of the variation on the first and second axes, respectively. The cumulative interpretation of the physiological and biochemical characteristics of the apical fragments was 94.30%, and the cumulative interpretation of the relationship between the physiological and biochemical characteristics and the water quality parameters was as high as 99.80%. The first two axes could, therefore, reflect the variation in the physiological and biochemical characteristics of the apical fragments and water quality parameters well. The relationship was mainly determined by Axis I. The correlation coefficients for the relationships between the water quality parameters and each sorting axis are shown in Table 5 . Among the three water quality parameters, the correlation coefficient for Cond and the first axis is the largest, reaching 0.9963, and showing a positive correlation, which explains that the first axis reflects the influence of conductivity. The correlation coefficient for pH and the second axis is the largest (−0.4212) and is negatively correlated indicating that the second axis reflects the influence of pH. The third axis also mainly reflects the influence of pH. The correlation between the fourth axis and the three water quality parameters is small. It further obtained a two-dimensional sorting map of the physiological and biochemical characteristics of the apical fragment and water quality parameters ( Figure 6 ). In the sorting diagram, the length of the arrow indicates the relationship between the physiological and biochemical characteristics of the apical fragments and the water quality parameters. The longer the connection arrow, the greater the correlation, and the smaller the angle between the arrow and the sorting axis, the greater the correlation. It can be seen from Figure 6 that the arrow connecting Cond and DO is the longest, and that Cond and DO explain the changes in the physiological and biochemical characteristics of the apical fragments well. Cond is directly proportional to Ca 2+ /Mg 2+ -ATPase, PAL, and soluble sugar content, and is most highly correlated with PAL. The soluble sugar content was inversely proportional to the other physiological and biochemical indicators of the apical fragment. However, both DO and pH were negatively correlated with Ca 2+ /Mg 2+ -ATPase, PAL, and soluble sugar content; and positively correlated with Chlorophyll a content, root length, root number, bud number, and the two partial photosynthetic parameters (F V /F M , PI ABS ).
Based on these results, it can be concluded that the influence of water quality parameters on the physiological and biochemical characteristics of apical fragments differs. The Monte Carlo test was carried out on the three water quality parameters, and the order of importance of the water quality environmental variables was obtained. The results are shown in Table 6 . The order of importance of the water quality parameters on branching was (from most to least important): Cond, DO, and pH. Their effects on the physiological and biochemical characteristics of the apical fragments were extremely significant (P < 0.01), and Cond accounted for 82.50% of all environmental factors, indicating that Cond is the most important factor affecting the physiological and biochemical characteristics of apical fragments. dimensional sorting map of the physiological and biochemical characteristics of the apical fragment and water quality parameters (Figure 6 ). In the sorting diagram, the length of the arrow indicates the relationship between the physiological and biochemical characteristics of the apical fragments and the water quality parameters. The longer the connection arrow, the greater the correlation, and the smaller the angle between the arrow and the sorting axis, the greater the correlation. It can be seen from Figure 6 that the arrow connecting Cond and DO is the longest, and that Cond and DO explain the changes in the physiological and biochemical characteristics of the apical fragments well. Cond is directly proportional to Ca 2+ /Mg 2+ -ATPase, PAL, and soluble sugar content, and is most highly correlated with PAL. The soluble sugar content was inversely proportional to the other physiological and biochemical indicators of the apical fragment. However, both DO and pH were negatively correlated with Ca 2+ /Mg 2+ -ATPase, PAL, and soluble sugar content; and positively correlated with Chlorophyll a content, root length, root number, bud number, and the two partial photosynthetic parameters (FV/FM, PIABS). 
Discussion
Effects on the Photosynthetic System of M. spicatum Apical Fragment Leaves
In this study, the chlorophyll a content significantly decreased in T3, the treatment with the highest concentration of decomposing liquid, in contrast to the control. Similar results have also been reported by Asaeda et al. [47] , who showed that the chlorophyll a content of M. spicatum declined under high environmental stress. These results suggest that the ability of M. spicatum cells to synthesize chlorophyll was reduced in the presence of decomposing liquid, and the lower chlorophyll content in the treatment groups reflected a reduction in the antenna size of the photosynthetic RC complexes and thus their ability to capture light energy declined [48] .
The maximum photochemical efficiency (F V /F M ) of the leaves of M. spicatum apical fragments in the treatment groups was lower than that in CG on day 5, which indicates that the initial light energy conversion efficiency of PSII was decreased, and that the potential activity of PSII and the original reaction process of photosynthesis were inhibited. Similar results have been previously reported.
For example, the F V /F M values of Vallisneria natans fragments also decreased under environmental stress [49] . In contrast to F V /F M , PI ABS is a more sensitive photosynthetic parameter that reflects the state of the photosynthetic system and can detect plant stress even before significant symptoms appear on the leaf [50, 51] . The significant decreases of PI ABS in T2 and T3 mean visible vitality losses in PSII [52] .
The rapid chlorophyll fluorescence induction curves of plants contain a large amount of information about the primary photochemical reaction of the PSII reaction center [53] . By analyzing the curve fluorescence parameters (Table 2) , changes in the photosynthetic apparatus of plant materials under the influence of environmental factors can be explored. As the concentration of the decomposing liquid increased, the V J and M o values of M. spicatum showed higher increases after 5 days, indicating an increase in the degree of closure of the PSII reaction center. More of the Q A was in a reduced state, resulting in a large amount of Q A − accumulating, which prevented it from transmitting electrons.
The electron transport chain on the receptor side of the PSII reaction center was inhibited, leading to a significant decrease in ψ o and ϕ Eo , and a decline in the electron transport abilities of the leaves of M. spicatum. In the present study, the ABS/RC and TR o /RC parameters reached their maximum values on the third day and then decreased in CG and T1. The ABS/RC and TR o /RC parameters in T2 and T3 continued to rise throughout the experiment. The ET o /RC and DI o /RC in T2 and T3 also showed increasing trends, whereas the change in RC/CS was the opposite. These results further indicate that the presence of the decomposing liquid led to a decrease in the light utilization ability of the M. spicatum apical fragments, and that their PSII function was blocked, inactivating some of the PSII reaction centers. The energy flow changed, the unit reaction center and energy per unit area for heat dissipation increased significantly, and conversely, the energy used for electron transport and delivery to the end of the electron chain was significantly reduced. Consistent with our hypothesis, it deduced that the photosynthetic system of the apical fragments of M. spicatum showed a certain degree of damage under the environmental stress caused by the decomposing liquid, and the differences became more significant as the concentration of the decomposing solution increased.
Physiological and Biochemical Response of M. spicatum Apical Fragments
Soluble sugar is an important product of plant photosynthesis that is mobilized to precipitate tissues to support plant growth and differentiation. It is also a signal that controls various metabolic and developmental processes [54] . Our results show that the cumulative soluble sugar content of apical fragment leaves treated with the highest concentration of the decomposing liquid was always significantly higher than that of the other treatment groups and the control group by the end of the experiment. Similar studies have also reported that the soluble sugar content of M. spicatum fragments was elevated in under high nutrient stress [55] . These results indicate that under the stress of a high concentration of decomposing liquid, the survival strategy of M. spicatum apical fragments was to accumulate more sugar to cope with the stress. Meanwhile, the sugar acted as a metabolic regulation signal leading to reduced chlorophyll content and photosynthesis and resulting in partial leaves becoming senescent and falling off [56, 57] .
In accordance with previous studies reported by Ahmed et al. [58] and Ye et al. [59] , the Ca 2+ /Mg 2+ -ATPase activity of plants increased significantly under environmental stress. The increasing Ca 2+ /Mg 2+ -ATPase activity suggests that the ATPase activity in M. spicatum apical fragments is related to their tolerance to decomposing liquid. Thus, the change of Ca 2+ /Mg 2+ -ATPase activity indicates an alteration in membrane function, as the decomposing liquid may cause damage to cell membrane structure and change the permeability of the cell membrane, inducing the leakage of intracellular matter and even leading to cell death. In addition, it consider that the enhancement of the Ca 2+ /Mg 2+ -ATPase may also be an emergency mechanism of cellular metabolism because it can affect the composition and function of the PSII center and hinder electron transport in PSII, thereby inducing more ATP synthesis and providing energy for survival under stress for a short period [58, 60, 61] . Similar to the Ca 2+ /Mg 2+ -ATPase activity, PAL activity was significantly increased in the highest concentration of the decomposing liquid. The result imply that increased PAL activity may lead to biosynthesis-related secondary metabolites, which might be a defense response in M. spicatum [62, 63] . For example, the secondary metabolite lignin can bind to extracellular substances to reduce and eliminate the effects of environmental stress on plants [64] .
Effects on Water Quality and Morphological Characteristics of M. spicatum Apical Fragments
Under environmental stress conditions, the physiological and biochemical characteristics of M. spicatum apical fragments underwent a series of changes, which in turn affected the morphology and regenerative capacity of the fragments. [65] . For rooted species, whether the plant fragment can continue rooting and germination is an important aspect in determining whether the fragment successfully regenerates in a new environment [66, 67] . Consistent with previous research that reported that water quality (e.g., DO, pH, and nutrients) changes during the decomposition of algae [68, 69] , our results showed that the dissolved oxygen and conductivity of the culture solution treated with the decomposing liquid underwent tremendous changes in a short period of time. Furthermore, some harmful organic substances-such as phenolic acid and toxic aromatic compounds-could be released during algae decomposition, which is not conducive to submerged macrophyte growth [12, 17] . Generally, the decomposition of the organic matter in algae produces organic acid compounds consumes oxygen and creates a large amount of carbon dioxide, causing the pH of the water to decrease. This was observed after the decomposition solution was added to the culture solution [15, 70] . However, there were no significant changes in the pHs of the treatment groups in this study. This is due to the lower CO 2 compensation point of M. spicatum, which can utilize lower levels of CO 2 . This ability to withstand pH changes means that a decline in pH value will have little effect on M. spicatum [71, 72] . In the treatments with higher decomposing liquid concentrations, an anoxic (<0.5 mg·L −1 ) and high conductivity (1222 ± 14.53 − 1253.67 ± 17.04 µs·cm −1 ) environment was created. The high conductivity means a high concentration of electrolytes and indicates abundant organic matter and nutrients [73] . Based on these observations, further analysis of the relationship between the physiological and biochemical characteristics of apical fragments and water quality parameters also found that the correlation between Cond, DO, pH, and the physiological and biochemical characteristics of apical fragment were significant, indicating that these three water quality parameters were common influencers of the responses of apical fragments under environmental stress. Among them, Cond accounted for a large amount of the interpretive power, and is consequently the most important factor affecting the physiological and biochemical changes in apical fragments. The high conductivity also confirmed that the ion concentration increased, the permeability of the cell membranes changed, and the transport balance of Ca 2+ was disrupted, in turn causing Ca 2+ /Mg 2+ -ATPase activity to increase.
Our experimental results demonstrate that M. spicatum apical fragments were not only prevented from absorbing normal nutrients for growth under higher decomposing liquid concentrations but were also inhibited during regeneration, which was reflected in their inability to grow roots and buds.
Summary
This research consider that the main reason behind the M. spicatum apical fragments' failures in rooting and sprouting due to the decomposition liquid of C. oligoclona is the sudden changes in water quality, which reduce dissolved oxygen and produce more harmful organic substances. It found that higher conductivity in the environment greatly affects the physiological and biochemical characteristics of apical fragments. This gives rise to a series of physiological and biochemical responses in the fragments, resulting in the photosynthetic system, the chlorophyll content, and the activity of the PSII photoreaction center being reduced, electron transfer being hindered, and consequently, the photosynthetic system being damaged. In response to the environmental stresses caused by the decomposing liquid, relevant sugar accumulated in the metabolic system and an energy enzyme and a secondary metabolic-related enzyme were activated as a defense. These findings reveal and explain the physiological and biochemical aspects of submerged macrophyte apical fragment responses to regenerative resistance, and suggest a focus on regulating the excessive growth of FGA. This would be beneficial in improving the regeneration rate of submerged macrophyte fragments during the restoration of aquatic vegetation to achieve more efficient recovery and improve management of the aquatic environment. 
